Abstract-In this paper, we propose a novel multimode fiber structure with modal propagation characteristics tailored to facilitate the creation of narrow-band high-reflectivity fiber Bragg gratings. The fiber structure proposed consists of concentric cylindrical shells of higher and lower refractive index material. A full vector second-order finite-element method is used to analyze the proposed multimode fiber structure. Simulations of the modal profiles show that high-order modes are localized to particular highrefractive index shells. We present the theoretical characterization of the modal propagation constant as a function of inner shell radius, shell separation, and harmonic-mode parameter. It is shown that a fiber with a minimum inner shell radius of at least 25 (where is the vacuum wavelength), and a minimum shell separation of at least 10 provides a reasonable tradeoff between fiber size and grating performance. A simulation of the multimode fiber grating shows that a grating with a full-width at half-maximum bandwidth on the order of 10 4 is theoretically possible, if optical power is launched strictly into modes with angular harmonic parameter = 1.
I. INTRODUCTION

F
IBER GRATING structures in single-mode fiber (SMF) have been studied extensively since the discovery of photosensitivity in germanium-doped silica fiber. They have been used in numerous applications ranging from wavelength-selective filtering in wavelength-division-multiple-access (WDMA) systems to temperature and strain sensing. To a lesser extent, Bragg gratings in multimode fibers have also received attention. Wanser et al. [1] calculated the theoretical spectrum of multimode fiber Bragg gratings (MMFGs) and suggested their use for mircobend sensing. Mizunami et al. [2] experimentally confirmed the spectral properties of MMFGs. A grating was fabricated in a graded index (GRIN) fiber that had a reflection spectrum of 15-nm width centered at 1560 nm, contained multiple peaks, and had a minimum transmission of 3.4% with selective mode launching. The reflection response was not measured. This same group later reported a detailed analysis of MMFG behavior [3] , including temperature and polarization characteristics. MMFGs are also useful for tuning solid-state lasers, in which the high coupling efficiency of multimode fiber (MMF) is attractive [4] .
While the wide-band low-reflectivity gratings that are possible in standard multimode fiber are useful, a narrow-band high-reflectivity response could have a dramatic impact on optical communication systems. Multimode fibers have the advantage of easy coupling to inexpensive light sources, such as light-emitting diodes (LEDs). In particular, GRIN MMFs have relatively low modal dispersion. These two factors, in conjunction, have led to the predominant use of GRIN MMF in local area network (LAN) applications. The possibility of a narrow-band fiber Bragg grating in MMF would enable the use of wavelength-division multiplexing (WDM) in LANs. Other applications that would benefit include, the field of in vivo Raman spectroscopy, in which MMF is used for light collection efficiency, but narrow-band filtering is required for signal recovery.
In this paper, we theoretically investigate a novel fiber structure with modal propagation characteristics tailored to facilitate the fabrication of narrow-band MMFGs. The contents of this paper are organized as follows. Section II describes the rationale behind the design of the novel MMF. The method used for numerical simulations of the guided modes of the novel MMF is presented and discussed in Section III. Fiber simulation results are discussed in Section IV. Simulations of the reflectivity of MMFGs using the proposed structure and a GRIN MMF are presented in Section V. Concluding remarks are made in Section VI.
II. DESIGN CONCEPT
We first derive the condition required on the longitudinal propagation constants of guided modes for narrow-band MMFGs. The interaction of a forward propagating mode with a fiber grating results in significant reflection when the Bragg condition is satisfied as follows: (1) where incident longitudinal wavevector; reflected longitudinal wavevector; period of the grating. If the incident mode couples to the same th mode, but in the counterpropagating direction, we have . The resonant condition for mode is (2) 1077-260X/01$10.00 © 2001 IEEE where is the incident vacuum wavelength, and is the effective index of the th mode. Thus, each mode experiences resonance at a different vacuum wavelength. As a consequence, there is a limit on the bandwidth narrowness that can be achieved by an MMFG which is proportional to the maximum spread in effective index for the various modes supported in the fiber. For a typical refractive index difference of 0.01 between core and cladding and grating index perturbation strength of 10 , the spread in resonant wavelengths is greater than the width of each resonance by an approximate factor of 100. The spread in resonant wavelengths also results in the low-peak reflectivity observed in MMFGs written in standard GRIN fiber [1] . This effect is most easily illustrated by considering a grating written in a fiber-supporting modes with nondegenerate effective indexes. Since only one mode is in resonance at a particular wavelength, at most, only approximately of the total optical power will interact resonantly with the grating. The total bandwidth of the grating can be decreased, and the peak reflectivity increased by minimizing the difference between the maximum and minimum effective indexes (or equivalently, the longitudinal propagation constants) of the guided modes.
To develop an intuitive conception of an MMF that will minimize the difference in propagation constants, we introduce an analogy between the propagation of an electromagnetic mode within a fiber and a bound quantum mechanical particle in a potential well. Under the scalar approximation for the electromagnetic mode field, the fiber problem can be described by the same linear Schrödinger equation as for a bound particle (3) where transverse Laplacian operator; radial position; vacuum wavevector; radial index profile; effective index; scalar field. The potential well and particle energy eigenvalues are analogous to the fiber index profile and effective indexes, respectively. A single potential well will give rise to discrete energy eigenvalues. If made suitably shallow, the potential well will possess only a single energy level for a single bound state. The analogous situation for an optical fiber is that of an SMF. The situation of interest is that of a finite number of closely spaced potential wells. With potential wells present, the energy levels of the single level split into separate levels. The energy level splitting increases as the overlap between the independent single well states increases.
For optical fibers, the analogous result is that a periodic variation in the radial distribution of the index of refraction would give closely spaced values in the effective indexes of guided modes. The close spacing of effective indexes for different modes is exactly what is required for the design of narrow-band MMFGs.
The MMF design we propose, is one analogous to a series of index wells corresponding to an alternating series of cylindrical shells of higher and lower refractive index material, as illustrated in Fig. 1 . Although cylindrical periodic structures have been proposed for application to distributed-feedback lasers [5] , and guiding light in air through distributed reflection [6] , the proposed cylindrical shell structure is intended to function as a dielectric waveguide enabling narrow-band reflection and large-mode area.
There are some key differences where the analog between the proposed fiber and the one-dimensional (1-D) potential wells breaks down. The guiding layers in the optical fiber possess cylindrical symmetry, and the effective indexes of the guided modes, thus, depend upon the mean radius of the guiding layer. However, if the cylindrical shell possesses a thickness, small compared to its mean radius, the shell approximates a planar structure, as illustrated in Fig. 2 . In this case, the condition for single-mode (ignoring polarization for the moment) operation in each isolated cylindrical shell can be approximated using simple planar waveguide analysis. The restriction on the normalized parameter , here defined for an individual shell is (4) for a TE mode is discussed in [7] , where and are the shell and cladding refractive indexes, is the shell thickness, and is the vacuum wavelength. However, there still exist modes with angular wavevector components, and decreasing the index difference cannot eliminate these modes. Such modes do not have an analogy in the 1-D potential well problem. Finally, the propagation of electromagnetic waves is described by a full vectorial wave equation. Hence, care must be taken to include the different degeneracies associated with polarization of the electromagnetic field. The counting of modes is discussed further in Sections III and IV.
III. FINITE-ELEMENT METHOD
A full vector second-order finite-element method (FEM) was used to analyze the proposed MMF structure. An alternative method for the analysis of the cylindrically periodic structure is to use the known analytic form of the electromagnetic field within each homogenous region and match boundary conditions [8] . The computational requirements are still extensive, and the FEM provides greater freedom in the analysis of various structures. The functional chosen for the numerical calculations is the Lagrangian density integrated over the transverse plane and expressed solely in terms of the magnetic field [9] (5) where relative electric permittivity; boundary of ; unit radial vector; vacuum wavevector; penalty parameter. The penalty method was used with in order to eliminate spurious solutions with an effective index greater than . The FEM employing three magnetic field components is resilient against spurious solutions sensitive to discretization of the radial axis [9] . Considering Maxwell's equations for a guided mode within an axially symmetric structure, we assume a magnetic field of the form (6) where , and radial magnetic field distribution functions; unit polar angle vector; unit longitudinal vector; integer not equal to zero; optical frequency; longitudinal propagation wave vector. In the special case of , the harmonic function pairs in braces are replaced by a single constant. Thus, there is an inherent difference in degeneracy between modes with (TE and TM modes) and (HE and EH modes). Each HE and EH mode exhibits a degeneracy of a factor of 2 associated with the two orthogonal sets of harmonic functions, while each TE and TM mode does not exhibit this degeneracy. Physically, it is the different symmetry of the TE/TM modes and the HE/EH modes that determines their degeneracy. A rotation about the axis of symmetry reproduces identically, the axially symmetric TE and TM modes. Such a rotation produces HE and EH modes orthogonal to the original HE and EH modes.
Second-order finite-elements were constructed to approximate the functions and for radii within the area . Analytic expressions for the magnetic field into the infinite cladding were used in lieu of absorbing boundaries to calculate the closed-loop integral term of the functional . Solving Maxwell's equations for a homogenous cladding yields modified th-order Bessel functions of the second kind , and the respective first derivative . The analytic expressions used are, thus [7] (7)
where , the radius at is , and are constants which can be related to the magnetic field of the element adjacent to .
For all simulations, uniformly spaced nodes were used, and the number of elements was adjusted to that required for convergence to within a set desired tolerance. The analytic solutions depend on the parameter , which was iteratively updated. The radius was chosen sufficiently large that only one iteration was required. Typically, 150 elements were found to yield an effective index within 10 of the convergent result. Once the magnetic field has been calculated, the electric field and all other properties of interest of the guided mode can be determined.
IV. FIBER SIMULATION RESULTS
The first set of simulations was performed for an MMF structure with four cylindrical shells of fixed width, but varying positions. The fiber parameter used was 3.0807, corresponding to , and . The inner radius of the inner most shell was varied from 10 to 30 , while the shell separation was independently varied from 3 to 15 . The modes with were selected, since these are the modes to which a linearly polarized cylindrically symmetric wave would couple. The plot of Fig. 3 is the resulting maximum spread in the dimensionless parameter where is the effective index of a particular mode. Two significant trends are apparent. The spread in parameter ceases to significantly decrease as the shell separation is increased beyond . Consequently, the shell separation need not be greater than 10 . Coupling between evanescent fields of adjacent shells increases the difference in parameter among guided modes, as can be verified with a first-order perturbation analysis. The second trend illustrated is the decrease in parameter as the inner shell radius increases. As the inner shell radius increases, the variation in curvature between individual shells decreases. The shells become more similar in geometry, and there is thus, an expected increase in the degeneracy of the modal effective indexes.
The dependence of upon the parameter for the proposed MMF structure was also investigated. Simulation results of an MMF structure with and are presented in Fig. 4 . A total of 240 modes (not including the multiplicity associated with rotations for HE and EH modes) were solved with ranging from 0 to 43. For values of below four, the parameters are concentrated about the value 0.64. As increases for the simulated MMF, the values "split" into four pairs. The shell within which the electromagnetic field is localized, characterizes each pair, although the localization is not complete, even for . Different polarizations further distinguish the members of each pair. This point is discussed further below. The inner most shell can support modes up to a certain maximum value of . Each shell of subsequently greater mean radius can support modes with greater values of . In the case of low values, a consequence of degeneracy in the effective indexes is mixing of the mode pair energy distribution among different shells.
The increase in maximum value with localization radius may be understood by considering the full vector wave equation satisfied by the magnetic field (8) Terms proportional to and contribute to . A limit is placed on the maximum by the value of . A shell of fixed mean radius will, thus, be capable of supporting localized modes with a maximum cutoff value of proportional to to first order. An important conclusion is that the mean shell radius may be increased to increase the maximum , albeit at the expense of proportionally increasing the diameter of the MMF structure.
The effective indexes of the cylindrical shell fiber have been demonstrated to be degenerate under certain conditions. However, note that the degeneracy in effective indexes does not necessarily indicate a low modal dispersion. When the shells approximate weakly coupled planar waveguides and low values of are considered; the group velocities of the modes are expected to be degenerate. However, this does not hold in general for high values, and we may expect a large variation in group velocities for different modes, and thus, significant modal dispersion. The optical intensity, calculated as the time average Poynting vector projected onto the longitudinal axis, was calculated for the MMF structure considered above . The optical intensity and electric field polarization are illustrated in Figs. 5-8 for modes with and , respectively. Degenerate modes associated with a rotation about the symmetry axis are not illustrated. The distributions of optical power for the modes with clearly exhibit mixing of the localized modes of independent shells. Careful examination of the optical intensity and electric field polarization direction reveals a modulation with periodicity in the polar angle . Two types of electric field polarization are evident. The modes almost linearly polarized are reminiscent of the HE mode in a step-index fiber [10] . The modes exhibiting a rotation in polarization proportional to are reminiscent of the EH mode of a step index fiber. In contrast, the modes are seen to be almost completely localized to individual shells. Indeed, with increasing there is a higher degree of localization. The decrease in parameter with decreasing localization radius for constant is visible. Again, the modes can be grouped according to polarization, with similarity to HE modes and EH modes. A small modulation in intensity with periodicity in is present, although not visible in Figs. 7 and 8 . 
V. FIBER GRATING SIMULATIONS
We applied coupled mode theory [7] to study the behavior of MMFGs. The coupling strength between the modes and is given by (9) where optical frequency; grating index perturbation squared; electric field distribution of the mode normalized to unit power. A uniform grating is considered here, with a grating index perturbation that is cylindrically symmetric and nonzero only in regions of high refractive index. Cylindrical symmetry eliminates coupling between modes with different harmonic parameter , because the harmonic functions of different order are orthogonal. The coupling between modes of the same complicates the reflection response of an MMFG considerably. However, for the cylindrical shell MMF proposed here, the cross coupling between modes of the same is weak, particularly for modes localized to different shells. Explicit calculation of the coupling constants for the proposed MMF structure with and (as used to generate intensity plots of Figs. 5-8) yielded a maximum ratio of cross-coupling coefficient to self-coupling coefficient of 1.7%. Most of the optical power of each mode is concentrated in the high refractive index shells of the fiber. The mode field distributions form an orthogonal set over the entire transverse plane. The field distributions integrated over the high refractive index shells [see (9) ] are thus approximately orthogonal. Similar results follow for standard step index and GRIN fibers since the guided modes are again almost orthogonal within the photosensitive core. Neglecting the negligible cross-coupling amounts to approximating the total grating reflection response as the weighted sum of the individual reflection responses for each mode considered in isolation. Assuming only self-coupling, the grating reflection response may be written as [1] (10) where is the fraction of total optical power in mode , is the wavevector detuning and is the detuned coupling strength. To illustrate the theoretical feasibility of a narrow-band grating, a uniform 2-cm-long grating with a peak index depth of was simulated in the proposed MMF structure and a GRIN fiber. For comparison purposes, the GRIN fiber was assumed to have the same peak core and cladding indexes and a core radius of 25 , giving according to conventional definition of normalized frequency . Three reflection response characteristics were calculated and are illustrated in Fig. 9 . The first plot Fig. 9(a) , is the reflection response of the proposed MMF assuming optical power distributed evenly among all eight modes. The peak reflectivity is 100% and the full-width at half-maximum (FWHM) bandwidth is . Fig. 9(b) illustrates the reflection response of the grating if optical power is distributed equally among all modes of the proposed MMF. A peak reflectivity of 31.5% ( 5.0 dB) and a FWHM bandwidth of characterize the reflection response. An asymmetric pedestal is present in the reflection response, resulting from higher modes resonating with the grating. The GRIN fiber was considered last in Fig. 9 (c), with optical power distributed equally among all the modes of the fiber. The peak reflectivity is 7.9% ( 11.0 dB), and the FWHM bandwidth is . A notable feature of the reflection response is the large ripple associated with individual resonances. Each resonance is in fact due to the principal modes of the GRIN fiber [3] . The modes of the GRIN fiber exhibit some degeneracy, and thus, a simplified representation of the total set of guided modes is the set of principal modes with associated multiplicity. As an example, the modes HE , EH , and HE form a single principal mode in GRIN fibers. In Fig. 9(c) , we see 24 principal modes with higher multiplicity toward the short wavelength side. The low reflectivity of a grating in GRIN MMF is caused by the reduction of the fraction of optical power that resonates with the grating at a particular wavelength due to the spread of effective index amongst the guided modes. The reflectivity of the grating provides a combined measure of the distribution of the effective indexes of the guided modes in the MMF and the distribution of power within those modes, as is evident upon examination of (10) . A notable feature of the proposed MMF shell structure is that as power is launched into modes of successively lower harmonic parameter , the grating reflectivity will increase, and the bandwidth will decrease. This is evident from the dependence of , and thus, upon as illustrated in Fig. 4 . A conventional multimode fiber consisting of a large central core will not improve as significantly in grating performance if optical power is concentrated in lower order modes. It is for lower values that the most guided modes, and also modes near cutoff will be present, resulting in Fig. 9 . The calculated reflection response of a 2-cm-long grating with 1n = 1:7 2 10 in: (a) the proposed MMF with optical power distributed equally between HE and EH like modes, (b) the proposed MMF with optical power distributed equally between all modes, and (c) a GRIN MMF comparable to the proposed MMF with optical power distributed equally among all modes. The wavelength scale is normalized to unity. a spread of effective index almost equal to that between the core and cladding. Equivalently, modes are distributed among different principal modes, and thus, selectively launching into modes is not as effective in decreasing grating bandwidth and increasing peak reflectivity as in the proposed concentric shell MMF.
Selective mode launching has thus been shown to improve grating performance in the proposed cylindrical shell fiber. Low modes can be selectively stimulated with a spatially coherent beam. In particular, a beam coherent across the fiber face and axially symmetric, will stimulate only modes. Beam asymmetry and spatial incoherence results in excitation of a greater number of modes. Maintaining the launched mode distribution places limits on the bending radius for a given length of fiber. The problem can be avoided by limiting the length of fiber between the fiber face and the grating.
VI. CONCLUSION
We have proposed a novel fiber structure consisting of alternating high and low refractive index shells. The proposed fiber structure was designed with the goal of enabling narrow-band high-reflectivity gratings to be written in multimode fiber. It has been shown that modal effective index degeneracy is required for narrow-band grating operation. Simulations employing a FEM were performed to characterize the variation in effective index as a function of the proposed MMF structure parameters. Simulations of a uniform 2-cm-long grating of strength in the proposed MMF and a GRIN fiber were compared. If power is launched solely into modes, a reflectivity of 100% was shown to be attainable in the proposed MMF. Peak reflectivities of 7.9% and 31.5% were shown to be achievable in a GRIN MMF and the proposed MMF, respectively, if optical power was launched equally into all modes. The proposed fiber, consisting of concentric shells of alternating refractive index, is suited to fabrication by modified chemical vapor deposition techniques. The novel concentric shell fiber may find application wherever a large coupling area for light collection and narrow-band filtering are required simultaneously. Two such applications are LANs employing multimode fiber and collection fibers with intrafiber filtering for in vivo Raman spectroscopy.
